INTRODUCTION
Infection of the respiratory tract is extremely common. It may involve bacteria, viruses, fungi, or combinations of these pathogens. This review will focus on viral infections. Respiratory viral syndromes include common cold, pharyngitis, tracheobronchitis, croup, bronchiolitis, or pneumonia, and viruses implicated include influenza, parainfluenza, enteroviruses, adenovirus, respiratory syncytial virus (RSV), rhinoviruses (RV), and coronaviruses. It is likely that additional viruses exist but await identification. A human metapneumovirus [1] was recently discovered to be the cause of symptoms in young children ranging from upper respiratory tract (URT) disease to severe bronchiolitis and pneumonia. In a subsequent Japanese seroprevalence study for metapneumovirus, all children had been exposed by age 10 [2] . Further attention has been focused on respiratory virus infection as a result of the current epidemic of severe acute respiratory syndrome, for which the causative agent appears to be a novel coronavirus [3] .
Pathology resulting from virus infection is influenced by host factors, including age, previous infection or immunization, pre-existing respiratory or systemic disease, and immunosuppression/compromise [4] . Disease severity is dependent on direct, harmful effects of the virus and tissue damage as a result of the host antiviral immune response. Some immunopathology may be unavoidable if the virus is to be eradicated. An ideal immune response results in early elimination of virus with a minimum of harm to the host.
Virus infections are a major trigger of exacerbations of obstructive airways diseases such as asthma and chronic obstructive pulmonary disease (COPD), and new treatments are urgently needed to reduce the considerable associated morbidity and mortality. Just how the immunopathology of respiratory virus infection interacts with the pre-existing immunopathology of such diseases is currently not well understood. Data concerning viral immunopathology are available from studies of natural infection, from in vitro studies predominantly concentrating on epithelial cell (EC) culture or preparations of peripheral blood mononuclear cells (PBMC), and from in vivo experimental infection using animal models or human volunteers. RV are the most frequent virus type identified during exacerbations, and RV infections in asthma and COPD are the major focus of our center's research. This article will concentrate on data available for RV infection in normal, healthy individuals and in patients with obstructive airways diseases, but it must be emphasized that the immunopathogenesis of disease as a result of other virus types may be very different. The response of cells of the epithelium of the respiratory tract following virus infection will have a major influence on the subsequent host-immune response, and this will be considered in detail in this review.
EPIDEMIOLOGY Acute wheezing illness in infancy
Infection by respiratory viruses is a common cause of wheezing episodes in infancy and as discussed below, of exacerbations in asthmatic children. Exposure to viruses is reflected in the rapid accumulation of antibodies to RV in particular [5] and RSV [6, 7] in the first years of life. Seventy percent of wheezing episodes in the first year is associated with viral respiratory infection [8] ; RSV, RV, and influenza B are most frequently cultured [9] . In some children, RSV causes bronchiolitis, a potentially serious lower respiratory tract (LRT) illness with a significant mortality [10] , which is associated with an increased risk of subsequent asthma [11] . The potential causative and/or protective role of viruses in the development of subsequent asthma remains controversial and has been recently reviewed [12, 13] .
Respiratory viruses as triggers of asthma exacerbations in older children and adults
Asthma is a disease of major importance affecting 20 -33% of children in the United Kingdom. The health costs of this condition are enormous in terms of time off school, GP consultations, hospital admissions, and mortality. Viral infections are a major asthma trigger in older children and adults. Their role may have been underestimated in early studies, limited to viral culture and serology and lacking sensitive methods for detection of RV and coronaviruses. The introduction of molecular biology [polymerase chain reaction (PCR), in situ hybridization, and in situ PCR] has implicated viruses in the majority of exacerbations. Direct evidence implicating viruses comes from studies showing increased detection during asthma attacks [9, 14 -34] . The highest rates of detection are from prospective studies with sampling as soon as symptoms commence. In a 1-year longitudinal study performed in Southampton, UK, upper respiratory viral infections were associated with 80 -85% of asthma exacerbations in school-age children. One hundred eight children, aged 9 -11, were selected by questionnaire on the basis of episodic wheeze or cough, and diary cards were used to monitor respiratory symptoms and peak flows. Viruses were detected in 80% of reported episodes of reduced peak expiratory flow (PEF), in 80% of reported episodes of wheeze, and in 85% of reported episodes of upper respiratory symptoms, cough, wheeze, and a fall in PEF. The most commonly identified virus type was RV. In a related study, viral URT infections (URTI) were strongly associated in time with hospital admissions for asthma in children and adults [35] . The half-monthly rates of URTI were compared with the halfmonthly rates for hospital asthma admissions for the same time period for the hospitals serving the areas from which the cohort of schoolchildren was drawn. Strong correlations were found between the seasonal patterns of URTI and hospital asthma admissions; this relationship was stronger for pediatric than for adult admissions. URTI and asthma admissions were more frequent during periods of school attendance (87% of pediatric and 84% of total admissions) than during the school holidays. Up to 44% of exacerbations in adult asthmatics was associated with the presence of respiratory virus infection [36, 37] . Virus detection between exacerbations when asymptomatic is only 3-12%. In contrast, transtracheal aspirates in adult exacerbations [38] yield sparse bacterial cultures with no correlation to clinical illness and no difference from normal subjects. If an asthmatic child develops infection in which RV, coronavirus, or RSV is cultured, the risk of associated asthma attack is 50 -70% [39] . In asthmatics, the predominant viruses are RV, RSV, and parainfluenza. RV is detected in 50% of virusinduced asthma attacks. Adenoviruses, enteroviruses, and coronaviruses are also detected but less frequently. Influenza is found during annual epidemics. Although metapneumovirus has been associated with URT symptoms, it has not been associated with asthma in a small study of children with asthma [40] .
People with atopic asthma are not at greater overall risk of RV infection than healthy individuals but suffer from more frequent LRTI and have more severe and longer-lasting LRT symptoms [41] . Seventy-six cohabiting couples were recruited in Southampton, UK; one person in every couple had atopic asthma, and one was healthy. Participants completed daily diary cards of URT and LRT symptoms and measured PEF twice daily. Every 2 weeks, nasal aspirates were taken and examined for RV, which was detected in 10.1% of samples from participants with asthma and 8.5% of samples from healthy participants. Groups did not differ in the frequency of URTI or the severity or duration of symptoms associated with RV infection. However, first, RV infection was associated more frequently with LRTI in participants with asthma than in healthy individuals, and LRT symptoms associated with RV infection were significantly more severe and longer-lasting in asthmatics than in healthy controls.
COPD
Increasing interest in the clinical features and pathogenesis of COPD reflects the worldwide importance of the disease. More than 14 million patients are affected in the United States alone. It is predicted to become the third leading cause of death worldwide by 2020. National and global initiatives have been launched, and management guidelines have been published [42] . Fewer studies have examined the epidemiology of virus infection in COPD. Many exacerbations of COPD occur without the hallmarks of bacterial infection-increased volume or purulence of sputum. Between 33% and 70% of exacerbations are associated with symptoms of the common cold. The frequency of exacerbations requiring hospitalization is higher in the winter, and one explanation for this could be the increased frequency of respiratory viruses at this time of the year. A recent study followed COPD patients attending the London Chest Hospital over a 16-month period [43] . The effects of respiratory viral infection on the time course of COPD exacerbation were examined by monitoring changes in systemic inflammatory markers in stable COPD and at exacerbation. Eighty-three patients with COPD recorded daily PEF and any increases in respiratory symptoms. Nasal samples and blood were taken for respiratory virus detection by culture, PCR, and serology, and plasma fibrinogen and serum interleukin (IL)-6 were determined at stable baseline and exacerbation. Sixty-four percent of exacerbations were associated with a cold, occurring up to 18 days before exacerbation. Seventy-seven viruses (58.2% RV) were detected in 39.2% of 168 COPD exacerbations in 53 patients. Again, earlier studies relying on serology and virus culture have quoted lower virus detection rates of 15-20% [44 -47] . Viral exacerbations were associated with increased dyspnea, a higher total symptom count at presentation, a longer median symptom recovery period of 13 days, and a tendency toward higher plasma fibrinogen and serum IL-6 levels. Non-RSV respiratory viruses were detected in 16% and RSV, in 23.5% of 68 stable COPD patients. Where RSV was identified in patients with stable COPD, these individuals had a higher plasma fibrinogen and serum IL-6, a higher pCO 2 , and increased frequency of exacerbations. This suggests that lowgrade, persistent RSV infection contributes to COPD severity, patients with more severe COPD are less able to clear RSV from the airway, or that in some patients, RSV is resulting in detectable, inflammatory changes but no significant symptoms.
Persistent infection with other viruses has been associated with the progression of COPD. In particular, adenovirus appears to persist in a latent form in which viral proteins are produced without replication of complete virus. Such latent infection may amplify lung inflammation as a result of cigarette smoke [48] . Another example is human immunodeficiency virus (HIV), which appears to predispose to smoking-induced pulmonary emphysema. In a group of 114 HIV-seropositive individuals, 15% had high-resolution computed tomography scan evidence of emphysema as compared with 2% of seronegative controls. If smokers (greater than 12 pack years) only were considered, the respective frequencies were 37% and 0%. Amongst smokers, HIV seropositivity was associated with an increased percentage of CD8ϩ bronchoalveolar lavage (BAL) lymphocytes [49] .
COPD is characterized by an accelerated decline in lung function and periods of acute deterioration in symptoms. Frequent exacerbations of COPD may accelerate the decline in lung function [50] . Over 4 years, PEF, forced expiratory volume in 1 s (FEV1), and symptoms were measured at home daily by 109 patients with COPD.. Patients with frequent exacerbations had a significantly faster decline in FEV1 and PEF than infrequent exacerbators and were more often admitted to the hospital with longer lengths of stay. Frequent exacerbations were a consistent feature within a patient for different years of the study and were associated with an increased rate of bacterial colonization of the lower airway when stable [51] .
The immunology of virus infection in COPD is not well understood. Less data are available than for virus infection in asthma, as this has not yet been the subject of human experimental infection studies. Such studies are clearly needed in view of the increasing evidence for a major role for viruses in causing COPD exacerbations.
EXPERIMENTAL RV INFECTION IN ASTHMA
Respiratory virus infection in the nasal mucosa and URT has been investigated extensively [52, 53] . Recently, the effects of viruses in the LRT have been studied, but detailed knowledge of the pathogenetic mechanisms involved remains limited. Experimental virus infection in humans is limited by safety concerns [54] . Most studies focus on experimental inoculation of RV in allergic rhinitic, mild asthmatic individuals, or normal controls [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] . This provides a useful model of natural virus infection in asthma and offers advantages of patient selection and monitoring under controlled conditions before, during, and after infection of RV-induced effects, including symptomatology, changes in medication use, lung function, airway pathology, and immunology. Overall, clinical, physiological, and cellular responses to experimental RV infection in asthma appear mild in comparison with natural colds. One reason for this is that reporting symptoms during natural virus infection is biased toward severe episodes; mild or subclinical infections are not reported. One disadvantage of such infection models is the selection of subjects with only mild asthma who are perhaps those less likely to show significant changes in lung function or immunology than those with severe disease.
RV infection of the lower airway
Influenza, parinfluenza, RSV, and adenovirus are well-recognized causes of lower airway syndromes such as pneumonia and bronchiolitis and are capable of replication in the lower airway. Until recently, a problem with the experimental RV infection model was the uncertainty as to whether RV infection occurred in the lower airway as well as in the URT. Although nasopharyngeal contamination cannot be ruled out, RV has been detected in lower airway specimens such as sputum [23] , tracheal brushings [64] , and BAL [68] by reverse transcriptase-PCR and culture. RV has been cultured in cell lines of bronchial EC origin [69, 70] , and replication has been demonstrated in primary culture of bronchial EC [71, 72] . Preference of RV for culture at 33°C has been used as an argument against lower airway infection, but there is now evidence that replication does occur at temperatures found in the lower airway [73] . In fact, thermistor studies show that only in the peripheral lung does airway temperature rise above 35ºC [74] . Finally, in situ hybridization shows RV in bronchial biopsies of subjects following experimental infection [71] , as previously demonstrated in nasal washing cells [75] and nasal biopsies [52] . This evidence strongly supports a direct lower respiratory epithelial reaction as the initial event in the induction of RV-mediated asthma exacerbations.
Physiological effects of experimental RV infection
In normal, healthy volunteers, it is difficult to detect changes in lung physiology following experimental RV infection [76] . Subjects with asthma and/or allergic rhinitis exhibit increased pathophysiological effects as a result of RV infection as compared with nonatopic, nonasthmatic controls. With detailed monitoring, it is possible to detect reductions in PEF [77] and home recordings of FEV1 in atopic asthmatic patients in the acute phase of experimental RV16 infection [62] . There is an enhanced sensitivity to histamine and allergen challenge after RV16 inoculation in nonasthmatic, atopic rhinitic subjects [57, 67] . RV16 increases asthma symptoms, coinciding with an increase in the maximal bronchoconstrictive response to methacholine up to 15 days after infection [58] . There, increase in sensitivity to histamine in asthmatic subjects infected with RV16 is most pronounced in those with severe cold symptoms [63] .
COMPONENTS OF THE ANTIVIRAL IMMUNE RESPONSE AND THE ROLE OF THE AIRWAY EC
Current concepts of a typical antiviral-immune response, as reviewed in detail elsewhere [78, 79] , result from research in human volunteers and patients but also in experimental animals, especially inbred mice. Results of animal studies may not be directly applicable to the outbred human population, but ethical considerations often limit direct investigation of the human immune system.
A typical response is a combination of nonspecific (innate) and specific immunity. Nonspecific elements include phagocytes such as neutrophils and macrophages, which engulf and destroy viruses; natural killer (NK) cells, which recognize and destroy virus-infected cells on the basis of reduced human leukocyte antigen class I expression; cells including NK cells, neutrophils, macrophages, mast cells, basophils, and EC, which release cytokines such as interferons (IFNs) with immunoregulatory or antiviral actions; and components of body fluids such as complement, defensins, and surfactant proteins, which are capable of neutralizing viruses independently of or in combination with antibodies.
There is little information on the role of complement in immunity to RV. Recent data suggest that the RV 3C protease cleaves the complement factors C3 and C5, which may interfere with the destuction of virus-infected cells [80] . For other viruses, for example, influenza, the complement system forms an important link between the innate-and specific-immune systems. Mice deficient for the third component of complement are highly susceptible to primary influenza, showing reduced priming of T helper cells (Th) and cytotoxic T cells in lungdraining lymph nodes and severely impaired recruitment into the lung of virus-specific CD4ϩ and CD8ϩ effector T cells producing IFN-␥ [81] . Activation of the complement cascade may be necessary for the function of other innate, antiviral proteins such as serum mannose-binding protein [82] .
The ␣ and ␤ defensins are small, cationic, antimicrobial peptides, which have the capacity to kill bacteria, fungi, and enveloped viruses by disruption of the microbial membrane. In vivo, they are probably most important in phagocytic vacuoles and on the surface of skin and mucosal epithelia. In addition to their direct antibiotic role, defensins are increasingly found to have immunomodulatory actions [83] and to play a role in cell recruitment through activation of certain chemokine receptors, for example, hBD3 and CCR6 on dendritic cells (DC).
Specific immunity involves production of antibody by B lymphocytes and the activities of cytotoxic T cells following processing and presentation of viral antigens by additional cells of the immune system, the most important of which are probably DC. Immunological memory modifies the overall response to reinfection by previously encountered virus and alters the timing and magnitude of contributions as a result of different components. In primary infection, virus multiplies in the respiratory tract, reaching peak levels at approximately day 2. At this time, type I IFNs are first detected, peaking at day 3 and falling to become undetectable by day 8. IFNs activate NK cells, first detectable at day 3 and peaking at day 4. In addition to destruction of virally infected cells, NK cells release cytokines including IFN-␥, which activate additional inflammatory cells in the airway including macrophages. Such nonspecific immune mechanisms are essential in early defense against virus in the first few days. In addition, the innate-immune system plays a role in stimulating specific immunity and may influence the nature of the specific response, for example, whether this is characterized by type 1 or type 2 cytokines (Fig. 1) .
Meanwhile, viral antigens are processed locally and in regional lymph nodes by DC and are presented to T cells. CD4ϩ and CD8ϩ T cells are detectable at days 4 and 6. CD8ϩ cytotoxic T cell responses peak at day 7 and then generally decline to become undetectable by day 14. However, memory CD4ϩ and CD8ϩ responses may persist for life. T cell recruitment is dependent on the production of chemokines and on alterations in the expression of adhesion molecules on the endothelium of inflamed tissues. Time is also required to generate B cell responses. Mucosal immunoglobulin A (IgA) may be detected at day 3, serum IgM at days 5-6, and IgG at days 7-8, increasing in amount and avidity over the next 2-3 weeks. IgA falls to undetectable levels over 3-6 months. Serum IgG may remain detectable for life. Specific immune mechanisms such as CD8ϩ T cells and Ig are responsible for the eradication of infectious virus usually by 7 days after infection.
Second infection with the same virus results in rapid mobilization of B and T cell-specific immunity with an earlier T cell peak coinciding with the NK cell peak at days 3-4. If reinfection is with the same serotype, a rapid increase in levels of pre-existing, neutralizing antibodies may limit viral replication to such an extent that infection is clinically silent. As this results in fewer infected cells, there is relatively less activation of nonspecific immunity, and it may be difficult to detect a CD8ϩ T cell response.
Following experimental infection of seronegative subjects with RV2 [84] , specific antibodies are detectable at 1-2 weeks, reach a maximum at 5 weeks, persist for at least 1 year, and may remain elevated many years after infection. Local, specific antibody levels may be lost more rapidly. High levels of serum-neutralizing antibody or specific IgA protect against reinfection with the same RV serotype. However, as it appears relatively late, recovery from illness for seronegative hosts, which usually occurs at 7-10 days, must be a result of other components of the immune response. In seropositive subjects, pre-existing, serum-neutralizing antibodies to RV39 and to RV-Hanks modify experimental infections in human subjects [85, 86] . Local IgA and IgG, passing from the vasculature into the pulmonary interstitium, contribute to viral clearance. However, the 100ϩ RV serotypes means repeated infection with RV, to which an individual lacks appropriate antibodies, is common.
As a consequence of serotype cross-reactivity, recurrent infection with RV of different serotypes would be expected to modify T cell responses to subsequent infection, enhancing the antiviral response or in the case of asthmatic subjects, perhaps further amplifying allergic inflammation. T cell responses to RV demonstrate MHC class I-restricted cross-reactivity between serotypes as a result of specificity for conserved epitopes within the capsid proteins VP 1-3 [87] . RV16-and RV49-specific T cell clones from human peripheral blood demonstrate recognition of serotype-specific and shared viral epitopes [88] . Vigorous proliferation of and IFN-␥ production by PBMC in response to RV16 in seronegative subjects are associated with reduced viral shedding after innoculation [89] .
The airway epithelium is an important component of antiviral defense. In addition to its function as a physical barrier to the entry of viruses, the responses of EC following viral infection, whether or not this results in destruction of the cell, contribute to innate and adaptive antiviral-immune responses. Information regarding the effects of RV on EC comes from in vivo studies and from in vitro models using cultured, primary airway EC or transformed cell lines of EC origin such as A549, BEAS-2B, and H292.
In vivo, RV causes some shedding of infected, ciliated EC, but the extent of shedding does not correlate with symptom scores [90] . In addition, the extent of viral infection of the epithelium may be incomplete even in the nose [91] . In vitro studies exposing monolayer cultures of nasal EC to respiratory viruses at 10 3 -10 4 50% tissue culture infectious dose/ml demonstrate no detectable cytopathic effect with RV or coronavirus in contrast to the extensive destruction with influenza and adenovirus [92] . Ex vivo infection of cells from the URT and LRT suggests RV infects less than 10% of cells in the epithelium [70] . RV cold symptoms may be produced in part by processes independent of the severity of direct, virus-induced epithelial damage.
Receptors for entry of RV into host cells
Viruses enter into and replicate within airway EC. Entry is dependent on interaction with host-cell surface proteins, which function as receptors. In the case of the major group RV, this is intercellular adhesion molecule-1 (ICAM-1) [93] , and antibodies to ICAM-1 or with soluble (s)ICAM-1 can block infection [69] . There is only limited expression of ICAM-1 in airway epithelium before RV infection [94] , and this may explain the patchy nature of infection. RV up-regulates expression of its own receptor ICAM-1 in vitro and in vivo. Following experimental infection with RV, ICAM-1 expression is up-regulated in nasal epithelium within 24 h, declining by day 5 [95] . RV has similar effects on EC from the lower airway. RV has been shown to up-regulate ICAM-1 in primary bronchial EC in vitro [96] , and ICAM-1 is up-regulated in bronchial biopsies following experimental infection of asthmatic subjects with RV16 [97] .
There are two forms of ICAM-1: murine (m)ICAM-1, which favors viral infection, and sICAM-1, which binds and neutralizes virus outside the cell. RV infection of EC alters the balance in favor of further infection by inducing mRNA for mICAM-1 and suppresses that of sICAM-1 [98] .
The low-density lipoprotein receptor (LDL-R) is the receptor for the minor group RV. An antibody to the LDL-R blocks RV2 infection of primary human tracheal EC (PHTEC). RV2 infection is associated with cytokine induction and up-regulation of LDL-R and increases in the transcription factors specificity protein-1 and nuclear factor (NF)-B [99] .
ICAM-1 expression by human nasal EC is up-regulated in vitro by exposure to a number of inflammatory cytokines and mediators including IL-1␤, IL-8, IFN-␥, tumor necrosis factor ␣ (TNF-␣), and the eosinophil-derived proteins myelin basic protein (MBP) and eosinophil cationic protein (ECP) [100] . IL-1␤, in particular, may be important in RV-induced induction of ICAM-1. Antibodies to IL-1␤ but not TNF-␣ decreased viral replication and ICAM-1 expression by PHTEC [101] . Not all respiratory EC lines behave in the same way as primary EC-for example, A549 cells express ICAM-1 at lower levels constitutively and show up-regulation by IFN-␥ and TNF-␣ but not by ECP or MBP. The effect of IFN-␥ is complex. Although IFN-␥ up-regulates ICAM-1 in uninfected cells, this cytokine inhibits ICAM-1 up-regulation by RV14 in H292 cells, and its presence results in reduced viral titers [96, 102] .
A pre-existing elevation of ICAM-1 expression in the asthmatic airway may contribute to increased symptom severity of RV infection. Type 2 cytokines (IL-4, IL-5, IL-10, IL-13) up-regulate ICAM-1 in H-292 cells [103] . Allergen challenge results in up-regulation of ICAM-1 on conjunctival and nasal EC in atopics [104] . In nasal brushing, EC from atopics, basal ICAM-1 levels were increased relative to nonatopics and elevated in the relevant allergen season. Nasal EC from atopics showed further up-regulation after in vitro culture with allergen. The highest basal ICAM-1 was found on nasal polyp EC, and this was increased further after RV14 infection. Viral titers after RV14 infection were significantly higher for polyp EC than for nonatopic and atopic nonpolyp EC [105] .
Modification of EC ICAM-1 expression is therefore of possible therapeutic benefit. In vitro, RV increases expression of ICAM-1 and vascular cell-adhesion molecule-1 in primary bronchial EC (PBEC) cultures and in A549 cells via a mechanism involving NF-B [106, 107] . One of the actions of corticosteroids is inhibition of NF-B [108] . In A549 cells and in PBEC pretreatment with three corticosteroids, hydrocortisone, dexamethasone, and mometasone furoate inhibit RV16-induced increases in ICAM-1 surface expression, mRNA, and promoter activation without alteration of virus infectivity or replication [109] . Dexamethasone suppresses ICAM-1 in PHTEC and inhibits RV infection [110] . Dexamethasone does not inhibit infection of PHTEC by minor group RV2 [111] . It is disappointing that a study of inhaled corticosteroids in asthmatics before experimental RV infection failed to show reduced virus-induced ICAM-1 expression in bronchial biopsies [97] , but it is possible that a longer course and/or a higher dose of inhaled steroid or administration of oral steroids might have demonstrated a significant effect.
Other drugs that affect EC ICAM-1 include reducing agents [112] , the H1 receptor antagonists desloratidine/loratidine, which inhibit RV-induced ICAM-1 up-regulation in HPBEC and in A549 cells [113] , and erythromycin, which inhibits infection of PHTEC by major group RV14 and minor group RV2 through effects including ICAM-1 reduction, blockage of RV RNA entry into endosomes, and small reductions in LDL-R expression [114] .
RV induction of EC production of cytokines and chemokines
EC can activate and recruit a variety of other cell types such as lymphocytes, eosinophils, and neutrophils through the production of chemokines and cytokines (Fig. 2) . Such cells are important components of the antiviral response but may also contribute to airway inflammation and dysfunction in asthma or COPD. In vitro studies of RV infection in bronchial EC lines and primary human EC have demonstrated the production of a wide range of proinflammatory cytokines such as IL-1␣, IL-1␤, IL-6, IL-11, IL-16, TNF-␣, and GM-CSF and the chemokines IL-8, Gro-␣, ⌭⌵〈-78, RANTES, eotaxin 1/2, and MIP-1␣ [69, [115] [116] [117] [118] [119] . In vivo, these cytokines can be found in nasal lavage (NL) in association with RV infection [120, 121] .
Type 1 IFNs
IFNs are thought to play an important role in innate resistance to viruses [122] , acting on virus-infected cells and surrounding tissues to produce an antiviral state characterized by the expression and antiviral activity of IFN-stimulated genes (ISGs). IFN-␤ and IFN-␣4 are expressed early through the action of IRF-3. Activation of the IFN intracellular signaling pathway is required for induction of IRF-7, which is required for transcription of the full range of IFNs. DNA microarray analysis has shown that following binding to their receptors on target cells, IFNs trigger a complex signaling pathway (mainly Janus tyrosine kinase-signal transducer and activator of transcription), resulting in the transcription of hundreds of ISGs [123] .
Several ISGs have been well studied. These include the dsRNA-activated serine/threonine protein kinase (PKR), which reduces cellular mRNA translation and transcriptional events, two enzymes involved in mRNA degradation: 2Ј5Јoli-goadenylate synthetase and RNase L, the myxovirus resistance (Mx) proteins, and RNA-specific adenosine deaminase, which is involved in RNA editing. IFNs also up-regulate cellular expression of MHC classes I and II molecules, therefore increasing antigen presentation to CD8ϩ and CD4ϩ T cells and enhancing cellular immune responses.
There is surprisingly little information on RV induction of IFNs in EC. More information is available for influenza. The antiviral Mx proteins inhibit influenza replication at a number of levels. Influenza has evolved mechanisms to resist the actions of IFNs, for example, blocking PKR by the influenza NS1 protein [124] .
Proinflammatory cytokines
IL-1, TNF-␣, and IL-6 share proinflammatory properties, such as the induction of the acute-phase response and the activation of T and B lymphocytes. IL-1 enhances the adhesion of inflammatory cells to endothelium, facilitating chemotaxis [125] . TNF-␣ is a potent antiviral cytokine but in vitro, increases the susceptibility of cultured EC to infection by RV14 through up-regulation of ICAM-1 [69] . IL-6 has been shown to stimulate IgA-mediated immune responses. IL-11 may also be important in virus-induced asthma [126] . It appears to cause bronchoconstriction by a direct effect on bronchial smooth muscle [119] . In vivo, IL-11 is elevated in nasal aspirates from children with colds, levels correlating with the presence of wheezing.
In addition to the induction of IL-1␣ and IL-1␤, RV infection results in substantial increases in IL-1ra in vivo and in vitro. This is a relatively late effect, occurring 48 -72 h after infection and may contribute to symptom resolution [127] .
EC chemokine production and lymphocyte recruitment
Bronchial biopsies demonstrate increases in cells positive for CD3, CD4, and CD8 within the epithelium and submucosa of normal and asthmatic subjects following experimental RV infection [59] . Such increases coincide with peripheral lymphopenia, suggesting increased recruitment of T cells to the airway.
T cell recruitment into the airway is at least partly under the influence of chemokines, including those whose production by EC is up-regulated by viruses. The balance of chemokine production by airway EC may influence the nature and the effectiveness of the specific immune response. This balance may in turn be influenced by pre-existing chronic inflammation, as found in asthma or COPD. It is thought that an effective, antiviral immune response is characterized by the production of type 1 cytokines such as IFN-␥. There is evidence to suggest that type 1 responses to RV are deficient in individuals with asthma [128] . In a recent study of experimental RV16 infection in subjects with allergic rhinitis or asthma, the balance of airway types 1 and 2 cytokines in IS induced by viral infection was related to symptoms and viral clearance. An inverse correlation was demonstrated between the ratio of IFN-␥ to IL-5 mRNA and peak cold symptoms. In addition, subjects with RV16 still detectable 14 days after inoculation had lower IFN-␥/IL-5 ratios during the acute cold phase than those who had cleared the virus [129] .
Studies of cloned T cells suggest that Th1 and Th2 cells show differential expression of chemokine receptors. There is increased expression of CXCR3 (receptor for IFN-inducible protein 10, IFN-inducible T cell-␣ chemoattractant, and monokine induced by IFN-␥) and CCR5 (MIP-1␤) in human Th1 cells and increased expression of CCR4 (thymus and activation-regulated chemokine and macrophage-derived chemokine) and to a lesser extent, CCR3 (eotaxin and MCP-3) in Th2 cells, with selective migration of cells in response to the appropriate chemokines. CCR1 (RANTES, MIP-1␣, MCP-3) and CCR2 (MCP-1,2,3,4) were found on Th1 and Th2 cells [130] . Bronchial biopsies from asthmatics show high levels of expression of CCR4 and significant levels of CCR8 by T cells [131] .
Increased recruitment of T cells to the airway as a result of virus-induced chemokine production by EC could amplify pre-existing allergic inflammation. If the asthmatic airway microenvironment influences the pattern of chemokine expression following virus infection, then this could alter the Th1/Th2 balance of the antiviral immune response.
EC chemokine production and neutrophil recruitment
Neutrophils are recruited early in response to the production of IL-8, Gro-␣, and ENA-78 by EC, and activated neutrophils are a prominent feature of severe asthma. IS in asthmatics and nonasthmatics demonstrates a significant increase in neutrophils at day 4 of a natural cold, correlating with sputum IL-8 [132] . Similar results were obtained in IS taken 2 and 9 days after experimental RV16 infection in asthmatics [61] . Increased IL-8 has been found in NL from children with natural colds [121] . Experimental RV16 infection of asthmatics resulted in elevated NL IL-8, correlating with cold/asthma symptom scores and histamine PC20 [63] . IS from asthmatics with exacerbations has elevated IL-8 and neutrophilia [133] . A study of experimental infection in asthmatic children also demonstrated elevated IL-8 and neutrophilia in NL during the acute infection, and levels of neutrophil myeloperoxidase correlated with symptom severity [134] . In asthma exacerbations in asthmatic adults [135] , those with virus infection had increased sputum neutrophils, increased neutrophil elastase, and more severe clinical disease. Such studies suggest a prominent role for the neutrophil in tissue damage during virus-induced asthma.
EC chemokine production and eosinophil recruitment
Eosinophils are increased in bronchial epithelium in biopsies taken from normal and asthmatic volunteers following experimental RV infection; in a small study, eosinophilic inflammation persisted for up to 6 weeks in asthmatic subjects [59] . In allergic rhinitics, experimental RV infection increases BAL eosinophils following segmental allergen challenge, again persisting for 6 weeks [66] , and increased levels of ECP are found in the sputum of RV-infected subjects [61] . Eosinophils accumulate in the airway under the influence of IL-5, GM-CSF, IL-8, RANTES, and eotaxin [136] . Of these, only IL-5 is not produced by airway EC in vitro after infection by RV. Expression of RANTES is increased in nasal secretions of children with natural virus-induced asthma [137] . RANTES is up-regulated in primary nasal EC cultures by RSV [138] and RV [72] . GM-CSF is important in bone marrow eosinophil production and in eosinophil survival [136] , but levels are not increased during viral URTI [137, 139] . Levels of eotaxin in NL rise after experimental RV16 infection [140] . These data suggest a pathogenic role for eosinophils in virus-induced asthma. However, a protective role is also possible. In allergic rhinitic subjects infected with RV after high-dose allergen challenge, the severity and duration of cold symptoms were inversely related to the NL eosinophil count before infection [141] . Eosinophils may contribute to viral antigen presentation. Eosinophils pretreated with GM-CSF bind RV16 via ICAM-1 and present viral antigen to RV16-specific T cells, inducing proliferation and secretion of IFN-␥ [142] . Eosinophils have antiviral actions in parainfluenza-infected guinea pigs [143] . Eosinophil-derived neurotoxin and ECP have RNase activity and reduce RSV infectivity [144] . The role of the eosinophil in the antiviral immune response thus requires further evaluation.
NO
NO may be important in a range of respiratory diseases [145] including asthma [146] and in virus infection [147] . NO is produced by the constitutive enzymes, NO synthase (NOS) 1 and NOS 3 and by the inducible, calcium-independent NOS 2 expressed by airway EC [148] and macrophages. NO may have beneficial and harmful actions. It is a gaseous signaling molecule that regulates many aspects of airway biology, including the modulation of airway and vascular smooth-muscle tone, causing relaxation via the activation of guanylyl cyclase and increased levels of intracellular cyclic guanosine monophosphate and promoting mucociliary clearance through effects on ciliary motility and reduced mucous viscosity [149] . Conversely, NO may combine with superoxide generated by macrophages and neutrophils in inflammatory infiltrate to produce peroxynitrite [150] . Such reactive species are a powerful weapon against bacteria and fungi but are toxic to host cells and may contribute to immunopathology.
In asthma, there is increased NOS 2 expression and an elevated level of exhaled NO [151] that falls with corticosteroid therapy; the level of exhaled NO correlates with sputum eosinophilia and methacholine responsiveness [152] . In contrast, in stable COPD, exhaled NO levels are no different from normal subjects [153] , although there may be an increase during exacerbations [154] . In fact, in vitro cigarette smoke reduces cytokine-induced NOS 2 mRNA expression in the LA-4 murine cell line, in A549 cells, and in PHBEC [155] .
NOS 2 appears at least to be associated with inflammation. Its expression is induced by proinflammatory cytokines including IL-1␤, TNF-␣, IFN-␥, and lipopolysaccharide and downregulated by IL-4, IL-10, and transforming growth factor-␤ [147] . NO production may be reduced indirectly by these suppressor cytokines through induction of arginase, which competes for L-arginine, the substrate for NOS 2 [156] . NO suppresses T cell proliferation and Th1 cytokine production, including IFN-␥, and favors the development of a Th2 response with eosinophilia. NO appears to promote eosinophil chemotaxis [157] and to inhibit eosinophil apoptosis [158] . This interaction between NOS 2 expression and type 1/type 2 balance in the airway may contribute to deficient antiviral immunity in asthma.
The relative importance of the beneficial antimicrobial activity of NO versus the potentially disadvantageous suppression of IFN-␥ is dependent on the specific pathogen, and this will determine the use of NO-based therapy. NOS 2 knockout mice show an increased susceptibility to infections [159] . Release of NO may be important for NK cell-mediated target cell killing [160] .
NO may also possess antiviral activity. In vitro, RV induces NOS expression in HPBEC [161] . There is increased expression of NOS 2 mRNA in cultured HPBEC after RV16 infection [162] . NO inhibits RV-induced production of IL-6, IL-8, and GM-CSF and viral replication in a human respiratory EC line [162, 163] . RSV also induces NOS 2 and increases nitrite levels in supernatant from A549 cells, from HPBEC culture, and in BAL fluid from RSV-infected BALB/c mice, effects opposed by IL-4 and dexamethasone but unaffected by IL-13 or IFN-␥ [164] . Replication of RSV in Hep2 cells is inhibited following transfection with a retroviral construct containing NOS, and the NOS inhibitor, NG-methyl-L-arginine, abolishes this inhibition [165] . Replication of influenza A and B in Mabin-Darby kidney cells is severely impaired by the NO donor, S-nitroso-N-acetylpenicillamine [166] . Influenza A and synthetic dsRNA induce NOS 2 in human airway EC, and this induction appears dependent on activation of PKR [167] .
Overall, there is evidence that in vivo, increased lower airway NO production may be of benefit in virus-induced asthma exacerbations. Work in a guinea pig model suggests that one mechanism for increased airway hyper-responsiveness during respiratory virus infection is through inhibition of NOS enzymes and a loss of NO-related relaxation of airway smooth muscle [168] . Studies of human asthmatics would also suggest that NO has a protective role in virus-induced exacerbations. Following experimental RV16 infection, patients with the greatest increase in exhaled NO had smaller increases in histamine airway responsiveness [161] .
It is interesting that studies of viral URTI have failed to demonstrate an increase in nasal NO after experimental RSV, RV, and influenza infections [169] . In normal subjects, experimental influenza infection increased oral NO 8 days postinfection but had no effect on nasal NO [170] . This raises the possibility that during respiratory virus infection, induction of NO is selective for the LRT.
Antigen presentation
EC may also contribute to the specific immune response following virus infection by acting as antigen-presenting cells, particularly during secondary respiratory viral infections. EC express MHC class I and the costimulatory molecules B7-1 and B7-2, and this expression is up-regulated in vitro by RV16 [171] .
Signaling pathways
The responses of airway EC to virus infection are consequences of the interactions between virus and the intracellular signaling pathways of the host cell [172] . Knowledge of the mechanisms involved for RV is currently very limited. Activation of signaling pathways may be dependent on cell-surface receptor (ICAM-1, LDL-R) binding or may occur during viral replication within the cell. The need for replicative virus is demonstrated by the inhibition of RV induction of EC cytokines after UV inactivation. One product of replication, common to ssRNA viruses such as RV, RSV, and influenza, is dsRNA [173] , which has been shown to activate components of signaling pathways including dsRNA-dependent PKR, NF-B, and p38 mitogen-activated protein kinase with resultant induction of IL-8 and RANTES. Activation of EC by dsRNA may be direct or indirect through the IFN system as discussed above. It has also been suggested that dsRNA may activate EC through binding to TLR3 [174] .
SUMMARY
The role of the airway epithelium in host defense has been discussed with reference to studies of the interaction between EC and viruses, in particular, RV. Respiratory virus infection is a common and clinically important problem. In patients with asthma or COPD, viruses are a common trigger of exacerbations and a major cause of morbidity and mortality. RV are the most common virus type detected. Knowledge of the immunopathogenesis of such RV-induced exacerbations remains limited, but information is available from in vitro and from in vivo studies, especially of experimental infection in human volunteers. RV infects and replicates within EC of the LRT. EC are an important component of the innate-immune response to RV infection. The interaction between virus and the intracellular signaling pathways of the host cell results in activation of potentially antiviral mechanisms such as IFN and NO and in the production of cytokines and chemokines that influence the subsequent induced innate-and specific-immune response. Although this is beneficial in facilitating clearance of virus from the respiratory tract, the generation of proinflammatory mediators and the recruitment of inflammatory cells result in a degree of immunopathology and in patients with asthma or COPD, may amplify pre-existing airway inflammation. Further research will be necessary to determine whether modification of EC responses to respiratory virus infection will be of therapeutic benefit.
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